ABSTRACT In recent years, the dominant biotype of Bemisia tabaci (Gennadius) has shifted from biotype B to Q in many locations of China. Our Þeld monitoring showed that B. tabaci biotype Q could be found on pepper Capsicum frutescens L. while biotype B could not be found on the plant. To study the role of the host plant in the displacement of biotype B by Q, the adult mortality, female fecundity, and adult emergence of both biotypes B and Q on different host combinations were studied using a model system involving pepper and eggplant. The results showed that pepper is not a preferred host for either biotype B or Q adults in comparison with eggplant. The negative impact of pepper to biotype B is, however, much greater than that to biotype Q. Because both the survival rates of the adult whiteßy and the average number of emerged adults per female of biotype Q on pepper are higher than that of biotype B, biotype Q showed higher Þtness in comparison with biotype B. Our results suggest that the existence and differential impact of a nonpreferred host might affect the population Þtness and therefore could play a role in the displacement of biotype B in some regions.
The whiteßy Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a worldwide agricultural pest, attacking a wide range of hosts and transmitting numerous plant viruses (Brown et al. 1995) . It is listed as one of the worldÕs worst 100 invasive alien species (IUCN 2000) . Dinsdale et al. (2010) suggested that B. tabaci is a cryptic species composed of at least 24 distinct species, often called biotypes. Among them, Mediterranean (hereafter referred to as biotype Q) and Middle East-Asia Minor 1 (hereafter referred to as biotype B) genetic groups have invaded many countries (Chu et al. 2006, Ueda and Martinez-Carillo and Brown 2007, Bethke et al. 2009 ).
Biotype B of B. tabaci was Þrst detected in southern China during the mid 1990s and then spread to most provinces (Chu et al. 2006 , Qiu et al. 2007 ), while biotype Q was Þrst found in Kunming, Yunnan Province, China in 2003 (Chu et al. 2006) , and is now widely distributed across mainland China and Taiwan (Chu et al. 2007 Xu et al. 2006; Hsieh et al. 2007) . Within the last few years, biotype B has been displaced by biotype Q in many locations (Chu et al. 2010a (Chu et al. , 2010b Teng et al. 2010) . The mechanism of displacement needs to be determined to develop sustainable management strategies for this invasive species.
The role of the host plant in the displacement of B. tabaci has been observed in previous studies. Delatte et al. (2009) observed that the indigenous B. tabaci biotype Ms, from the island of La Reunion (Indian Ocean), remained dominant on noncultivated hosts whereas the invasive biotype B was dominant on cultivated crops. Iida et al. (2009) , suggested that there is a high possibility that biotype Q has the ability to adapt to a wider range of plant species and cultivars in comparison with biotype B. A broad host range of biotype B is beneÞcial in reducing or avoiding competitive interactions with indigenous congeneric competitors (De Barro and Borne 2010). Biotype displacement might also be inßuenced by pesticide use. Research by Horowitz et al. (2005) showed that biotype Q has better Þtness than biotype B when neonicotinoids and pyriproxyfen are applied.
Our Þeld monitoring showed that B. tabaci biotype Q was found on pepper, Capsicum frutescens L., while biotype B was not (Chu et al. 2010b) . It is possible that displacement of biotype B by Q in China may be inßuenced by host plant combinations. Here, we establish a model system involving two plant hosts, pepper (cultivar "YuCui") and eggplant (Solanum melongena L. cultivar "DaLongChangQie"). We examine the adult mortality, female fecundity, and adult emergence for biotypes B and Q on eggplant, pepper, and a mixture of both to explore the displacement mechanism of biotype B by Q.
Materials and Methods
Whiteflies. Both biotypes B and Q were collected from the Þeld and reared separately on eggplant in environment chambers maintained at constant conditions (27 Ϯ 1ЊC, L:D 14:10 h, and 70 Ϯ 5% RH). The cultures were screened for species purity using the cleaved ampliÞed polymorphic sequences of mtCOI (Chu et al. 2010b) . Whiteßies used in the following experiments were collected as late fourth instars and placed on damp Þlter paper in a petri dish. Because adults are capable of mating as early as 2Ð 6 h after emergence (Luan et al. 2008) , they were collected within 2 h of emergence, sexed under a microscope, and separated by gender to ensure their virginity.
Biological Study Using Leaf Cages. Eggplant with four leaves and pepper with 6 Ð7 leaves were used in the study. Plants were grown in pots (25 cm diameter) and kept in environmental chambers maintained at constant conditions as above. A pair of newly emerged B. tabaci adults was enclosed on the abaxial surface of the leaf using a clip cage (1 cm height, 3.5 cm diameter) and the plant was then placed in the environmental chamber mentioned above. The biological experiments were carried out in three host combinations, eggplant, pepper, and pepper-eggplant mixture. The treatment with the adult whiteßies on one abaxial surface of eggplant or pepper was regarded as a single host plant treatment of eggplant or pepper. The whiteßies enclosed on the abaxial surface of one part of eggplant leaf and one part of pepper leaf (ratio of the area was Ϸ1:1) in the same clip cage was regarded as pepper-eggplant mixture (mixture treatment). Each pair of whiteßies was regarded as a replicate. There were 76, 48, and 42 replicates for biotype B on pepper, eggplant, and pepper-eggplant mixtures, respectively, and 53, 55, and 54 replicates for biotype Q on eggplant, pepper, pepper-eggplant mixture, respectively. The adults were checked every 24 h, dead adults were sexed and mortality for each sex was recorded. Adult mortality was calculated as the percentage of dead insects 6 d after the start of the experiment (Pascual and Callejas 2004) .
Female fecundity was estimated as the number of eggs per female laid during the 6-d period. To record the number of eggs per female, the adults were checked every 24 h and any dead insects were removed and sexed. If the male adult died, it was replaced with a new male adult. If the female adult died before 6 d the replicate was discarded. At the end of the experiment, 16, 23, and 13 successful replicates were obtained for biotype B on pepper, eggplant, and pepper-eggplant mixture, respectively; 12, 13, and 15 successful replicates were obtained for biotype Q on pepper, eggplant, and pepper-eggplant mixture, respectively. The number of the eggs for each replicate was counted under a microscope. In the pepper-eggplant mixture, the numbers of eggs on the pepper and eggplant leaves were recorded separately.
Progeny size was estimated as the number of successfully emerged F1 adults per female parent (Pascual and Callejas 2004). After 6-d oviposition, all of the surviving adults were removed. Every day, the emergence of F1 adults was recorded and whiteßies were sexed until all F1 individuals had emerged. The total number of replicates obtained for biotype B on pepper, eggplant, and pepper-eggplant mixture was 20, 19, and 17, respectively; while 25, 35, and 28 replicates were obtained for biotype Q in pepper, eggplant, and pepper-eggplant mixture, respectively. On the pepper-eggplant mixture, the number of F1 adults emerged from the eggs on the leaf of pepper and eggplant was recorded separately.
Data Analysis. Two-way ANOVAs were used to analyze the impacts of host plants, insect biotypes, and their interactions in terms of female fecundity, and number of emerged adults per female. Differences between means were compared with the least significant difference test. The difference of the biological indices on pepper, eggplant, and pepper-eggplant mixture for both biotypes B and Q was analyzed using the Independent Sample t-test method.
Results
Adult Mortality Rates. On the sixth day, adult mortalities of B. tabaci biotypes B and Q on pepper (61.2 and 39.6%, respectively) were higher than that on eggplant (7.3% for biotype B and 23.6% for biotype Q) (Fig. 1) . These data showed that pepper was not a suitable host for adults of both biotypes when compared with data on eggplant. However, the survival difference of biotype Q between eggplant and pepper was only 8.0%. By contrast, there was a larger difference (53.9%) between the survival of biotype B on eggplant and pepper. Based on this result, pepper appears to be a much less favorable host for biotype B than for biotype Q. In the host mixture, adult mortality of B. tabaci biotypes B and Q was similar (32.1 and 29.6%, respectively).
Female Fecundity. Both of the host combinations (P Ͻ 0.001) and the interaction between host and biotype (P Ͻ 0.01) signiÞcantly affected the female fecundity (Table 1) . On pepper, the female fecundity of biotype Q was higher than that of biotype B (P Ͻ 0.05; Fig. 2a) . However, the differences between biotypes B and Q on eggplant or on pepper-eggplant mixture was not signiÞcant (P Ͼ 0.05).
Biotype B had the highest fecundity value on eggplant, followed by that on the mixed hosts, with the lowest on pepper. The differences between pepper, eggplant, and the mixture were all signiÞcant (P Ͻ 0.05). For biotype Q, the fecundity on both pepper and mixture were lower than that on eggplant (P Ͻ 0.05). However, the difference between pepper and the mixture treatment was not signiÞcant (P Ͼ 0.05) (Fig. 2a) .
For the pepper-eggplant mixture (Fig. 2b) , the fecundities of both biotypes were higher on eggplant than on pepper (P Ͻ 0.001). This suggests that the ranks for preference in the mixture treatment matched the results in the no-choice treatment, that is, when a single host was available. However, the difference in female fecundity between biotypes B and Q on pepper or eggplant in the mixture treatment was not signiÞcant.
Number of Emerged Adults per Female. Both host combination and the interaction between host and biotype signiÞcantly affected the number of emerged adults per female (P Ͻ 0.001) ( Table 1 ). There was a signiÞcant difference (P Ͻ 0.05) in the number of emerged adults between biotypes B and Q on pepper.
However, the difference in the average number of emerged adults between biotypes B and Q on eggplant or the mixture treatment was not signiÞcant (P Ͼ 0.05) (Fig. 3a, b) .
For biotype B, there were signiÞcant differences (P Ͻ 0.05) in the average number of adults that emerged from each treatment. For biotype Q, the difference in the average number of emerged adults between eggplant and pepper or between eggplant and the mixture treatment was signiÞcant (P Ͻ 0.05). However, the difference between the adult number from pepper and the pepper-eggplant mixture was not signiÞcant (P Ͼ 0.05) (Fig. 3a, b) .
For the pepper-eggplant mixture (Fig. 3c) , the difference in the average number of emerged adults between pepper and eggplant was signiÞcant for both biotype B and Q (P Ͻ 0.05). In addition, the difference in the average number of emerged adults between biotypes B and Q on eggplant was also signiÞcant (P Ͻ 0.05).
The daily emergence pattern of adults indicated that both biotypes are capable of establishing populations on eggplant, pepper or a combination of these plants (Fig. 4) . The performance of biotype B on eggplant was better than that of biotype Q. On pepper, biotype Q can, however, survive much better than biotype B. These results demonstrate that in this study the Þtness of biotype Q is actually better than biotype B. 
Discussion
In many instances of competitive displacement among insects and arachnids, there is more than one competitive mechanism involved and many noncompetitive factors could mitigate or augment the competition effect (Reitz and Trumble 2002) . A series of studies (Dennehy et al. 2005; De Barro et al. 2006; Jiu et al. 2007; Liu et al. 2007; Crowder et al. 2010a Crowder et al. , 2010b have shown that insecticides, male mating interference, ability to manipulate the proportion of female progeny produced, interaction with begomoviruses, and host plant acceptability can inßuence the capacity for and rate at which displacement occurs. However, the role of host plant combinations in the displacement of biotypes B by Q has been less explored.
The adult mortality and the female fecundity data would indicate that pepper is not a suitable host for the survival and oviposition to both biotypes B and Q in comparison to eggplant. The negative effect of pepper on biotype B is, however, greater than that on biotype Q. This negative effect is obvious as the mortality rate of adults of biotype B was twice as high as that of biotype Q on pepper. Moreover, the female fecundity of biotype Q was signiÞcantly higher than that of biotype B on pepper.
In this study, the pepper-eggplant mixture suffered an intermediate level of infestation when compared with the single host treatment. In the mixture treatment, adult mortality and female fecundity of both biotypes were signiÞcantly reduced in comparison to when only eggplant was available. This suggested that the existence of nonpreferred pepper might also affect the feeding and oviposition of the adult whiteßy. Bezerra et al. (2004) detected a signiÞcantly higher infestation of B. tabaci adults on tomato when planted alone, which indicates a dilution effect on tomato infestation in the presence of weeds. Our observation was consistent with the report of Bezerra et al. (2004) . The adults may have switched host plants for oviposition irrespective of the suitability of the host plants. The best food was not the one most often selected when there was a choice (Bezerra et al. 2004) . Bernays (1999) also found that in the presence of a variety of plants, B. tabaci adult female individuals moved more, switched between plants more frequently, and fed on one plant for shorter periods of time in comparison with plots with just one plant species.
The data of the average number of emerged adults supported our conclusion that pepper is not a suitable host for the preadult development of either biotype B or Q in comparison with eggplant. In the mixture treatment, the average number of emerged adults of both biotypes on eggplant was higher than that on pepper, which suggested that eggplant is a suitable host for the survival of the immature of both biotypes in comparison with pepper. In the pepper-eggplant mixture, the average number of emerged adults of biotype Q on pepper was higher than that of biotype B on pepper. By contrast, the average number of emerged adults of biotype B on eggplant was higher than that of biotype Q on eggplant. Thus, the trade-off of the two hosts resulted in no difference between biotypes B and Q in the mixture treatment.
In summary, this study revealed that pepper has greater negative effects on biotype B than on biotype Q based on the mortality rate of adults, the female fecundity, and the average number of the emerged adults. Based on these results, we conclude that: 1) The population size of biotype Q will be lower than that of biotype B, when they are reared on eggplant with the same initial number, because the survival rate of the adult whiteßy of biotype B is higher than biotype Q and the average number of emerged adults per female between biotypes B and Q is similar.
2) The population size of biotype Q, however, would be higher than that of biotype B if they are reared on pepper with the same initial number, because both the survival rate of the adult whiteßy and the average number of emerged adults per female of biotype Q is higher than that of biotype B.
3) The population size of biotype Q will be similar to that of biotype B, if they are reared on the pepper-eggplant mixture with the same initial number, because the survival rate of the adult and the average number of emerged adults per female of biotypes B and Q in pepper-eggplant mixture are similar.
During our 4-yr Þeld monitoring, the displacement of B. tabaci biotypes B by Q has been found on a variety of plants (Chu et al. 2010b) . The large difference of the biological characteristics between biotypes B and Q on pepper may explain the replacement of biotypes B by Q in some regions of China. In the Þeld, many hosts, such as pepper, can increase the Q-biotype population and decrease the B-biotype population. Our results are also consistent with previous research on the biological difference between biotypes B and Q in Spain (Muñ iz 2000 , Muñ iz and Nombela 2001 , Muñ iz et al. 2002 . In southern Spain, one of the origins of biotype Q, the introduced B could not displace indigenous Q and the latter became more numerous in several horticultural crops, such as tomato, pepper, lettuce, and melon (Muñ iz 2000 , Muñ iz and Nombela 2001 , Muñ iz et al. 2002 . Comparative studies of the biology of biotypes B and Q on some hosts showed that biotype Q can infest a higher percentage of plants and develop faster than biotype B on these plants (Muñ iz 2000 , Muñ iz and Nombela 2001 , Muñ iz et al. 2002 , which could partially explain the increase of biotype Q in the regions. Although, insecticides have played a role in increased whiteßy biotype Q performance compared with biotype B (Horowitz et al. 2005) , our study has shown that host plant can also have a role.
The result in this study showed that the mixture treatment suffered an intermediate level of infestation compared with the single host treatments, suggesting that the application of mixed cropping might be a preferred cultural practice to decrease the population size of the whiteßy. In the prevailing organic farming trend, the nonpreferred hosts for B. tabaci biotypes B and Q, and the effects of mixed cropping on whiteßy populations deserve further study in the future.
